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Abstract

Cope’s Gray Treefrog, Dryophytes chysoscelis, seasonally tolerates freezing. During this process, it is
subject to cellular stress from factors such as metabolic starvation, DNA damage, toxin accumulation (from
cellular metabolism), and the risk of protein misfolding. Preliminary transcriptome data indicates that many
mRNA transcripts vary in relative abundance within hepatocytes of D. chrysoscelis during discrete periods
of warm acclimation, cold acclimation, freezing, and thawing. Physiological changes that occur in this frog
are likely the result of epigenetic regulation—an alteration in gene expression that does not influence DNA
sequence. This modification in gene expression can be observed by the subsequent change in relative
abundance of mRNA transcripts. This thesis investigates the relative abundance of the hepatic mRNA
transcripts for (1) NDUF7, a methyltransferase gene that mediates some epigenetic regulation by
transferring methyl groups (global regulation) and (2) ACADV and BFAR–genes that mediate stress
responses contributing to freeze tolerance (local regulation). All of the genes selected are orthologous
counterparts to those found in humans. Based on preliminary transcriptome data, we hypothesized that
methyltransferases important to the freezing process will be differentially regulated (either up-regulated or
down-regulated) as compared to the warm condition, whereas stress genes that enhance the survivability of
the frogs during freezing will be up-regulated and those that are metabolically costly will be downregulated. These results demonstrate trends in mRNA expression within four biological groups (warmacclimated, cold-acclimated, frozen, and freshly thawed) that may be relevant to the freezing process.
mRNA was isolated from livers from frogs of the four biological group. cDNA was synthesized and the
relative abundance of each transcript was identified using RTqPCR techniques and compared to the
abundance of a housekeeper gene Dc LS-14, which served as a control. The results from the experimental
groups were analyzed using ΔΔCt logarithm to calculate the fold change. The results showed that all in
genes were down-regulated in expression relative to the warm-acclimated control. NDUF7 showed
respective fold changes of -5.82 (cold), -4.40 (frozen), and -6.54(thawed). ACADV demonstrated
negative fold changes of -3.74, -3.06, and -3.68, while BFAR had fold changes of -1.14, -1.13, and -1.78
respectively. These data indicate that global down-regulation of gene expression at the transcript level may
be an important energy conservation mechanism necessary for surviving freezing and thawing in Cope’s
gray treefrog.
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Chapter I: Introduction and Literature Review
Relevant Mechanisms of Freeze Avoidance
There are several ways that multicellular organisms are able to respond to freezing
temperatures. Some animals are able to tolerate these freezing temperatures, but are
unable to survive freezing of their extracellular (EC) fluid. These animals employ
mechanisms which prevent them from freezing, but allow them to survive in
temperatures that drop below their freezing points. One common strategy involves
making use of ice binding proteins (IBPs) that prevent freezing by sequestering ice
crystals that my form in the EC matrix or bloodstream of multicellular animals, and
prevent nucleation and growth of these crystals. Nucleation of ice inside the bodies of
animals can be fatal as ice crystals may perforate and lyse cells, resulting in cellular and
eventually organismal death. Such strategies are largely employed by marine teleost fish
and some terrestrial arthropods (Duman, 2015). The Antarctic Icefish (Channichthyidae)
is able to use this technique to survive in Southern oceans. These fish are ectothermic
and thus cannot independently regulate their body temperatures, but are able to survive in
ambient ocean temperatures below their freezing points. They do this by utilizing
antifreeze glycoproteins (AFGPs) which function as a subset of IBPs that keep ice
crystals particularly small. Utilization of these proteins increases the fishes’ ability to
avoid freezing at low temperatures. While the ice crystals are allowed to form, their
growth is restricted by the AFGPs and they are unable to spread through the bloodstream
or EC fluid, allowing the fish to survive without freezing (Bilyk & DeVries, 2010).
While these fish are unable to survive partial or complete freezing of their EC fluid, some
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freeze-tolerant organisms make use of AFPs or another subset of IBPs known as ice
nucleating proteins (INPs) to allow controlled ice formation in EC space, but prevent
nucleation through the membranes of cells, thus allowing the organisms to seemingly
freeze, but avoid the fatal effects of cell lysis (Duman, 2015).

Stresses of Freeze Tolerance
Freezing places many additional stressors on organisms, both at a cellular and organismal
level. During the freezing process, animals are unable to eat, drink, and breathe which
puts every cell in that organism’s body in a high state of metabolic stress. The cells are
forced to overcome intervals of hypometabolism, in which they must survive at only 130% their normal metabolic rates. This is due to lack of available food and quick
depletion of stored resources that occurs during estivation. Lack of access to water
causes dehydration, which may cause cells to shrink and further limits metabolism. This
has a secondary complication of osmotic stress, because as water concentration in the
cells decreases (either because of dietary dehydration or because water is lost to EC ice
crystallization), relative solute concentration increases. Balancing water and solute
concentrations is essential for cellular survival. Furthermore, without breathing and with
no heartbeat, cells are put in hypoxic or anoxic conditions for up to several months
(Storey & Storey, 2017b). This results in higher levels of anaerobic respiration, as
molecular oxygen is essential to normal aerobic cellular respiration. Lactic acid buildup
and accumulation of carbon dioxide can occur in vivo. Organisms utilize a variety of
methods to combat all of these stresses.
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Osmotic Stress in Freeze Tolerant Anurans
There are several species of freeze tolerant anurans. These include Pseudacris maculae,
Rana arvalis, Rana sylvatica, Hyla crucifer, Dryophytes versicolor, and Dryophytes
chrysoscelis. All of these animals are subject to tremendous amounts of stress during the
freezing process. Osmotic stress results during the freezing process as water is drawn out
of cells to contribute to EC ice formation. This causes general cellular dehydration, and
as the concentration of solute increases within the cell, increased osmotic stress.
During this time, cell volumes shrink and organ sizes subsequently decrease as
well (Storey & Storey, 2017b). However, there is a notable minimum volume of water
that must be retained in cells in order for them to survive freezing. In order to maintain
this volume, cells must respond to the osmotic stress. They do this in two main ways.
One is by the accumulation of cryoprotectants. Cryoprotectants are solutes that
colligatively prevent freezing (do Amaral, Frisbie, Goldstein, & Krane, 2018). D.
chrysoscelis namely utilizes glycerol and urea, which are accumulated during a cold
acclimation period before freezing, and glucose which is produced at the onset of
freezing. These molecules are able to transverse the lipid bilayer of cells to maintain a
livable water concentration. This allows for ice formation in the EC space, but prevent
cell shrinkage to the point of death. Aquaporins (AQP), water channel proteins, play an
essential role in this process because they facilitate osmosis, which is simply passive
transmembrane water flux.
In anurans, the isoforms of AQPs that they express varies depending on the
environment they live in and the circumstances in which they must survive. Arboreal
anurans have a different epithelial AQP composition than terrestrial frogs, and frogs can
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vary in their expression of AQP depending on their state of dehydration. They may begin
up-regulating their expression of specific isoforms of AQPs to compensate for the stress
of desiccation, which contributes to higher survival rates in frogs which are freeze
tolerant (Ogushi et al., 2010).
One particular subset of AQPs known as aquaglyceroporins (GLPs) have been
documented as important for the freeze-survival of Dryophytes chrysoscelis. GLPs
facilitate the passive diffusion of water along with glycerol (Mutyam, Puccetti, Frisbie,
Goldstein, & Krane, 2011; Zimmerman et al., 2007) and other cryoprotectants, such as
urea (Krane & Goldstein, 2007). Erythrocytes in D. chrysoscelis have been studied in
depth and have been shown to express high levels of HC-3, an aquaporin orthologous to
AQP3 in mammals, as they share 94% of the same amino acid sequence and both are
known to allow transport of water and glycerol (Krane & Goldstein, 2007; Zimmerman et
al., 2007).

Differential Expression of GLPs in D. chrysoscelis
To date, four AQP/GLPs have been cloned and characterized in D. chrysoscelis,
including HC-1, HC-2, HC-3 and HC-9 (Mutyam et al., 2011; Stogsdill, Frisbie, Krane,
& Goldstein, 2017; Zimmerman et al., 2007). Of these three, only HC-3 protein is
abundantly expressed in erythrocytes. Using RTqPCR (real time quantitative polymerase
chain reaction), a technique that can be used to detect mean fold change of mRNA in
tissue samples, HC-3 was found to be the predominant GLP in erythrocytes.
While HC-3 is the most important GLP in RBCs, HC-9 is the most important
GLP in hepatocytes (Stogsdill et al., 2017). HC-9 is differentially expressed in muscle,
liver, bladder, kidney, stomach, dorsal skin, and ventral skin. It is downregulated in cold,
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frozen, and thawed conditions when compared to a warm control. The exception to this
was in liver, where HC-9 is upregulated in both frozen and thawed conditions. This is
thought to be because the liver is the main metabolic organ of the body—even during
freezing. Differential expression of HC-9 in various biological conditions demonstrates
that reducing its relative abundance is important for post-freeze/thaw survival, except in
organs where its expression is necessary for metabolic reasons. The increased abundance
of HC-9 in liver during freezing and thawing may be attributed to glycerol exportation.
Glycerol serves as both a cryoprotectant and possible metabolite to cryoprotect cells
during freezing (do Amaral et al., 2018).

Liver metabolism during freezing
The liver functions as the main site for metabolic regulation. During freezing, the liver of
D. chrysoscelis is shown to drastically increase the production of glycerol, which serves
as a cryoprotectant (Zimmerman et al., 2007; do Amaral et al., 2018). Upon thawing, the
liver immediately begins to restore its glycogen stores. This serves as evidence that the
liver is of particular importance for post-freeze survival for D. chrysoscelis. Differential
expression of HC-9 in liver, which is upregulated during freezing and thawing, is likely
due to the exportation of glycerol, and supports the theory that the liver is the most likely
organ for glycerol synthesis (Stogsdill et al., 2017). This is supported by findings that
glycerol concentration increases both intracellularly and extracellularly during freezing in
D. chrysoscelis. The liver is the site of synthesis of both glucose (generated from
glycogen breakdown or gluconeogenesis) and urea (the end product of some amino acid
catabolism) which also colligatively serve as cryoprotectants during freezing (do Amaral
et al., 2018). Secondarily, glycerol and glucose may provide metabolic energy to cells
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within the body that would otherwise deplete their resources and essentially starve
themselves during the freezing period, which may last several months. Undoubtedly, the
liver remains more metabolically active than other organs during freezing as it is
responsible for providing the entire organism with both cryoprotectants and metabolites.
Differential regulation of proteins allows this animal to produce and export these
metabolites which are necessary for survivability of the frog.

Mechanisms of Epigenetic Regulation
Epigenetics is a broad term used to describe the phenomenon of differential gene
expression without changing the genomic (or “primary”) DNA. It is away of controlling
what genes are expressed (or are not expressed) and to what extent in different types of
cells in various conditions. Epigenetic regulation is the reason why different cells from
the same organism—with the same genomic DNA—can manifest distinct phenotypes. It
is inducible and different types of epigenetic regulation have different patterns.
Epigenetic regulation is centered in the nucleus (Nanney, 1958).
One mechanism of epigenetic regulation is DNA methylation, in which a
methyltransferase enzyme attaches a methyl group to DNA in order to silence or
downregulate that gene. This is an important method for mediating gene expression as
recent studies have indicated that there are more DNA methylation sites in gene bodies—
the region of the gene between the transcription start site to the end of the transcript—
than there are promoters, meaning it plays a significant role in the expression of genes
(Ehrlich & Lacey, 2013). In mammals, DNA methylation is important for both gene
regulation and development. It plays a major role in gene silencing as methylated
cytosines are found in between 60-80% of CG regions in most mammal genomes but are
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limited to those regions that are exons—areas of the DNA that are expressed in the final
mRNA transcript (Chen & Li, 2006).
Histone methylation is another mechanism of regulating gene expression.
Histone methylation is different from DNA methylation in that methylation of histones
may upregulate or downregulate gene expression. The direction of the regulation in this
case is determined by the proteins that may bind to the newly expressed binding site and
not by the methylation itself. Histone methyltransferases (HMTs) are the enzymes that
regulate this mechanism of epigenetic regulation, and some HMTs are thought to be
important during the freezing process of R. sylvatica. One study showed that out of 7
HMTs, 4 of them methylated H3 residues in skeletal muscle and liver during the freezethaw process. All of the HMTs changed in abundance in way that was not predictable
(because downregulation of the HMT may actually cause upregulation or downregulation
of a gene and vice versa). The HMTs are then promising enzymes for mediating genetic
regulation during freezing, although the direction and affect they have on gene expression
is difficult to predict (Hawkins & Storey, 2017).
Histone deacetylases (HDACs) are other enzymes that shape genetic expression.
Deacetylation sites are often closely associated with methylation sites and both play
significant roles for gene silencing (Thiagalingham, S., et al, 2003). HDACs are also
thought to play a vital role during anoxia and hypometabolism endurance as evidenced by
a study done in Trachemys scripta elegans, the red-eared slider. During a 20h anoxic
period, five HDACs were all upregulated in skeletal muscle, and two were upregulated in
liver, indicating that gene silencing may play an important role for lowering metabolism
and surviving for long periods with no oxygen (Krivoruchko & Storey, 2010).
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Evidence of Epigenetic Regulation in D. chrysoscelis
Differential expression of proteins in D. chrysoscelis during periods of freezing and
thawing compared to the warm condition has previously been observed (Mutyam et al.,
2011; Stogsdill et al., 2017). Differential protein expression can result from regulation at
various levels. It can occur post transcriptionally, at the level of mRNA transcripts by
methods such as RNA interference (RNAi), which degrades mRNA and thus prevents
translation into protein (Almeida, de Jesus Domingues, & Ketting, 2019). miRNA
utilizes a similar mechanism in which mRNA is degraded post transcriptionally, thus
affecting the relative abundance of protein (Takahashi, Prieto-Vila, Kohama, & Ochiya,
2019). Similarly, protein degradation can occur post-translationally, resulting in lower
levels of protein during certain conditions (Docherty & Steiner, 1982).
Recent hepatic transcriptome data obtained in Dr. Carissa Krane’s lab indicates
that there is some level of differential gene expression in Cope’s Gray Treefrog, D.
chrysoscelis, during the freeze-thaw process that occurs at the level of transcripts (do
Amaral, unpublished). For this experiment, livers were taken from frogs in four
biological conditions (each with an n=3), defined as warm (21°C), cold (5°C), and Frozen
(-2°C). The data shows variable expression at the level of mRNA, which may implicates
some level of control is occurring before translation occurs. Differential level of
methyltransferases may indicate that some genes are being differentially expressed due to
epigenetic regulation. Furthermore, may other genes had differential relative abundance,
which may indicate that gene expression is changing at the level of individual mRNA
transcripts.

Hypothesis
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Freeze tolerance is a physiologically stressful event that requires the coordination of
many mechanisms on a cellular level. Protein expression must be closely controlled to
ensure that metabolic resources are not wasted within the cell during metabolically
tenuous times. Regulation at the level of gene expression itself prevents energy from
being wasted in transcription and subsequent translation. There has been data collected
from D. chrysoscelis that indicates differential expression of proteins in response to cold
and freezing conditions, and recent results indicate that regulation is occurring at the level
of transcripts. This regulation may be epigenetic in nature.
This thesis investigates the differential expression of genes by determining
relative abundance of mRNA in cold, frozen, in thawed conditions as compared to a
warm control. The hepatic transcriptome of D. chrysoscelis has been analyzed using
RNAseq technologies. The transcripts were then categorized depending on known
function within the cell, and mRNA transcripts for proteins with more than one function
were categorized based on their most common function. This thesis focused on analyzing
the relative abundance of specific genes that were indicated to be differentially regulated
in hepatocytes based on preliminary transcriptome data. We hypothesized that
methyltransferases (which serve as regulators at a global level) would be either
upregulated or downregulated. As downstream targets are not always known, differential
expression of these genes indicates that some change in expression may be occurring
downstream. Secondly, we selected several genes that were relevant to stress responses as
freezing is physiologically taxing on the organisms, and metabolism as the liver serves as
a major metabolic organ during freezing. We further predicted that genes essential to the
freezing process may be upregulated, whereas genes that are metabolically costly to
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produce during freezing may be downregulated (this would occur on a local or gene
specific level).
Zoophysiologist August Krogh once said, “For a large number of problems there
will be some animal of choice or a few such animals on which it can be most
conveniently studied,” (Krogh, 1929). D. chrysoscelis serves as an excellent model to
study epigenetic regulation of genes that are orthologous to those found in humans. Data
collected during these experiments will contribute to understanding of freeze tolerance,
which may be relevant for applications in human tissue banking or cryopreservation.
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Chapter II: Global and Gene Specific Regulation
in Freeze Tolerant Anuran Dryophytes chrysoscelis
Abstract
Cope’s Gray Treefrog, Dryophytes chysoscelis, seasonally tolerates freezing. During this
process, it is subject to cellular stress from factors such as metabolic starvation, DNA
damage, toxin accumulation (from cellular metabolism), and the risk of protein
misfolding. Preliminary transcriptome data indicates that many mRNA transcripts vary in
relative abundance within hepatocytes of D. chrysoscelis during discrete periods of warm
acclimation, cold acclimation, freezing, and thawing. Physiological changes that occur in
this frog are likely the result of epigenetic regulation—an alteration in gene expression
that does not influence DNA sequence. This modification in gene expression can be
observed by the subsequent change in relative abundance of mRNA transcripts. This
thesis investigates the relative abundance of the hepatic mRNA transcripts for (1)
NDUF7, a methyltransferase gene that mediates some epigenetic regulation by
transferring methyl groups (global regulation) and (2) ACADV and BFAR–genes that
mediate stress responses contributing to freeze tolerance (local regulation). All of the
genes selected are orthologous counterparts to those found in humans. Based on
preliminary transcriptome data, we hypothesized that methyltransferases important to the
freezing process will be differentially regulated (either up-regulated or down-regulated)
as compared to the warm condition, whereas stress genes that enhance the survivability of
the frogs during freezing will be up-regulated and those that are metabolically costly will
be down-regulated. These results demonstrate trends in mRNA expression within four
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biological groups (warm-acclimated, cold-acclimated, frozen, and freshly thawed) that
may be relevant to the freezing process. mRNA was isolated from livers from frogs of
the four biological group. cDNA was synthesized and the relative abundance of each
transcript was identified using RTqPCR techniques and compared to the abundance of a
housekeeper gene Dc LS-14, which served as a control. The results from the
experimental groups were analyzed using ΔΔCt logarithm to calculate the fold change.
The results showed that all in genes were down-regulated in expression relative to the
warm-acclimated control. NDUF7 showed respective fold changes of -5.82 (cold), 4.40 (frozen), and -6.54(thawed). ACADV demonstrated negative fold changes of -3.74,
-3.06, and -3.68, while BFAR had fold changes of -1.14, -1.13, and -1.78 respectively.
These data indicate that global down-regulation of gene expression at the transcript level
may be an important energy conservation mechanism necessary for surviving freezing
and thawing in Cope’s gray treefrog.

Introduction
When winter temperatures drop below freezing, animals survive by adopting one of three
strategies. They may avoid the cold by migrating or hibernating. The may tolerate the
cold, but avoid freezing through methods such as super-cooling. Lastly, they may
tolerate seasonal freezing. Of these three strategies, freeze tolerance is the most
demanding and physiologically stressful method (Storey & Storey, 2017).
Dryophytes chrysoscelis, Cope’s Gray Treefrog, is a freeze-tolerant anuran found
throughout Eastern North America as far North as Canada. This ectotherm, in the
northern part of its range, is able to survive subzero winters by tolerating the freezing of
up to 65% of its extracellular fluid. During this time, the animal does not breathe, eat, or
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drink. Many major organs, such as the heart and brain, cease function, and every cell of
D. chrysoscelis is subjected to dramatic physiological stresses, such as metabolic
starvation, dehydration, osmotic stress, anoxia, and accumulation of toxins. The frog is
able to survive in part by seasonally accumulating cryoprotectants, such as glycerol, urea,
and glucose, which are largely maintained by liver hepatocytes (do Amaral, Frisbie,
Goldstein, & Krane, 2018).
The freezing of D. chrysoscelis is seasonally dependent, meaning frogs capable of
freezing during the winter are largely incapable of freezing during the summer. While
accumulation of cryoprotectants explains part of this phenomenon, preliminary
transcriptome data indicates that some level of epigenetic regulation—a change in the
expression of genes without alteration of the genome itself—may contribute to the
seasonal freeze tolerance of D. chrysoscelis (Nanney, 1958). Change in the level of
mRNA transcripts between warm, cold acclimated, and frozen frogs indicates that
transcript abundance is altered in each of these conditions, resulting in an overall
organismal tolerance to freezing (do Amaral, unpublished).
One mechanism for epigenetic regulation is methylation, or the addition of a
methyl (-CH3) group onto a segment of DNA, a histone, protein, or mRNA itself.
Methylation is used largely to silence genes, and the vehicle for methylation is a class of
enzymes broadly referred to as methyltransferases (Ehrlich & Lacey, 2013). Because
they have a large number of downstream targets and might affect expression of many
genes, methylation is referred to as a global method of gene expression regulation. Local
gene regulation occurs at a transcript to individual transcript basis and lacks the
regulatory capacity of global regulation mechanisms.
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This study attempts to characterize expression of several transcripts identified by
preliminary transcriptome data to be physiologically important for freeze tolerance. We
hypothesized that (1) methyltransferases would be differentially regulated, either up or
down, in cold, frozen, and thawed conditions compared to a warm control, and (2)
individual downstream targets important for the freezing process would be up-regulated
while those that were metabolically costly would be down-regulated. Results from this
study will add to overall understanding of global and gene specific mechanisms of freeze
tolerance.

Materials and Methods
Animals
Treefrogs were collected in ponds in Southwest Ohio, during the summer of 2015. Frogs
of the species, Dryophytes chrysoscelis, were identified based on trill frequency, and only
individuals seen calling were collected to ensure a male experimental pool. Frogs were
then transported and housed at Wright State University’s vivarium in Dayton, Ohio.
There, they were kept in a temperature chamber that mimicked the seasonal conditions
outside. In the summer months animals were kept in rooms with 16 hour day cycles and
8 hours of darkness. Frogs were then warm acclimated in the temperature chamber.
These frogs were singly housed at 21°C with 12 hour day and night cycles and fed
crickets three times a week. After 12 weeks of warm acclimation, a subset of frogs were
moved to a refrigerated chamber and cooled slowly over a 2 month period to 5°C. The
day cycle was changed to 8:16 in favor of night to mimic conditions in fall. The frogs
had free access to water and were fed until they no longer accepted food. Subsequently, a
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subset of these frogs were placed in an incubator, initially at 2°C, and the temperature
was cooled daily until it reached -2°C. Ice was added to the chamber and the temperature
was dropped to -2.5°C to ensure ice crystallization. These frogs were allowed to freeze.
Several of these frogs were sacrificed. The remaining frogs were allowed to thaw. All
housing and animal use protocols were approved by the WSU Institutional Animal Care
and Use Committee (IACUC).

Tissue Sampling
Animals (n=3 each group) were euthanized with methods approved by the IACUC. Upon
sacrifice, frogs that were warm-acclimated, cold-acclimated, frozen, or thawed were
weighed. Livers were swiftly removed and flash frozen in liquid nitrogen and stored at 80°C.

Hepatic mRNA Extraction
Livers from each biological group (warm-acclimated, cold-acclimated, frozen, and
thawed; n=3), were removed from the deep freezer and held in a cooler filled with dry
ice. Pieces of liver between 33-40 mg were weighed and then quickly homogenized in a
1:10 dilution of β-mercaptoethanol in RLT lysis buffer, purchased in a Qiagen RNeasy
mini-kit. The liver homogenization was then centrifuged at full speed (25,000 rpm) and
the supernatant was isolated. The supernatant was purified in a 50% ethanol solution (so
as to not pull the glycogen from solution as occurs with a 70% ethanol solution), and was
purified following directions in the RNeasy Mini-Kit. DNase digestion protocol was
followed on all liver samples to ensure that significant amounts of genomic DNA were
removed. This was done using a 1:7 dilution of DNase I and Buffer RD from the Qiagen
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Kit. 80μL were used per sample. Finally, the mRNA was removed from the spin
columns using 30μL of nuclease free H2O. Two elutions were collected for each sample
to ensure complete collection of mRNA. Analysis of mRNA was done on a NanoDrop
reader where absorbance was measured to determine the quality and purity of the isolated
mRNA.

cDNA synthesis
cDNA was generated using Applied Biosystems High Capacity RNA-to-cDNA kit.
mRNA extracts were thawed on ice. Each mRNA sample was used to create a +RT
(which contained cDNA) and –RT sample (which served as a negative control). A
combined 2.5x mix was created using 25μL of RT Buffer from the kit, and some amount
of mRNA and H2O that reflected the concentration of mRNA for each sample. This
amount was determined by dividing 2μL by the concentration of the mRNA in μg/μL.
From this, the remaining of the 22μL was water to keep volume consistent amongst all
samples. This 47.5μL volume was split amongst two micro-PCR tubes, which were each
filled with 19μL of the master mix. +RT solution contained an added 1μL of reverse
transcriptase enzyme from the Kit. One no-template control was made for each cDNA
synthesis. This contained a 10:1:9 ratio of Buffer, RT enzyme, and water, all from the
kit. Solutions in their micro-PCR tubes were incubated in a thermocycler which ran on a
program designed according to the Applied Biosystems cDNA synthesis protocol (10
minutes at 25°C, 120 minutes at 37°C, and finally 5 minutes at 85°C) (“User Guide: High
Capacity cDNA Reverse Transcription Kit,” n.d.). cDNA was held at 4°C indefinitely
afterwards until placed in a -20°C freezer. +RT cDNA was tested using PCR along with
–RT control to ensure there was no contamination.
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Primer Design
Genes of interest were identified using preliminary hepatic transcriptome data (do
Amaral et al., unpublished data). Transcriptome data was collected as livers from each
biological group (warm, cold acclimated, and frozen, each with an n=3) were sent to
Cofactor Genomics, St. Louis, MO, where transcriptome data was collected using
RNAseq. Identifiable genes and transcripts from this analysis were recorded along with
base mean and theoretical log fold change, which was calculated using the warm
condition as a control. Transcripts were selected if they met certain criteria, including:
coding either for a methyltransferase, or a protein that would be differentially regulated in
response to stress, and had a detectable log fold change from the warm condition.
Transcripts that were upr-egulated in the cold and frozen conditions for the RNA seq data
were thought to be important to the freezing process. These transcripts were sorted into
categories using a variety of bioinformatics tools (do Amara, unpublished data).
Transcripts specific for stress and metabolism were examined. Change in fold expression
was used to determine transcripts that were worth investigating. Transcript sequence was
used to design primers using NIH’s Primer Blast. Sequences homologous with X. laevis,
D. versicolor, D. chrysoscelis, and H. sapien were examined using BLAST (NCBI) to
identify regions of the mRNA sequence that showed specificity to that gene. Primers that
were targeted to the center of the gene sequence and had the lowest self-annealing rate
were selected. Results for primers designed for transcripts that were upregulated in
frozen compared to warm conditions are found in Table 1 below. Results for primers
designed for transcripts down-regulated during freezing are found in Table 2.
Table 1: Primers for transcripts upregulated in frozen condition.
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Table 2: Primers for transcripts downregulated in frozen condition.

Primer Reconstitution and Dilution
Primers arrived in lyophilized form and had to be reconstituted. They were centrifuged
in their containers and re-suspended using the amount of EDT Buffer specified by the
manufacturer on an individual basis. The primers were centrifuged and then diluted from
the stock in a 1:9 ratio of primer to nuclease free water. They were stored in the -20°C
freezer until use.

Primer Efficiency Testing
Primer efficiency was tested using using a cDNA control synthesized from the mRNa
from the liver of a warm-acclimated treefrog designated as W3. Efficiency testing was
completed using a master mix of water, primer, cDNA template, and Power SYBR
Green, purchased from Applied Biosystems. W3 cDNA was used in 1:10 serial dilution
to 10-5, repeated in triplicate, to generate a standard curve. A no template control was
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included as a negative control in each PCR experiment, and a no template control was
used for each cDNA synthesis. Optimal Efficiency was assessed if R2 values fell
between 85-115%

Figure 1: Example of Melt Curve for BFAR. Melt curve was generated
using the triplicate dilution of W3 run against the experimental primer. 100 is
represented in red, 10-1 is yellow, 10-2 is green, 10-3 is darker green, and 10-4
is blue. 10-5 was too dilute for amplification to reach threshold. Triplicates
should be tight (see above), and the interval between where dilution
amplification reaches threshold should be approx. 3.3 cycles for a 1:10
dilution.

RTqPCR Analysis
Each primer was individually tested on the 12 samples of cDNA synthesized from the
livers of experimental frogs. RTqPCR was utilized in order to interpret data. Results
were normalized against a housekeeper gene, Dc LS-14, which was determined
experimentally to be expressed at the same level in all biological groups. Each primer
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and housekeeping control (Dc LS-14 and experimental) was standardized in single serial
dilution with W3 from 100 to 10-5 and was tested against negative controls from all cDNA
syntheses and the PCR negative control. Primers were further tested against a n=3 for all
four biological conditions (warm acclimated, cold acclimated, frozen, and thawed). Each
individual liver was tested in triplicate, providing a total of 36 points of data for each
primer. Master mix was created using a mixture of nuclease free water, Power SYBR
Green (from Applied Biosystems), and respective primer in the same ratio that was used
for efficiency testing. Master mix was then separated into tubes for each sample, and
sample was added. This tube was then used to pipette the triplicate. Experiments were
conducted in an Applied Biosystems thermocycler with StepOne Software. ΔΔCT was
calculated by the software and checked to ensure fold change had been calculated
correctly. Because of time constraints, only 3 experimental primers—NDUF7, ACADV,
and BFAR were tested successfully.
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Figure 2: Example of 96 well plate layout for RTqPCR. The first two
columns, 1 and 2, were used for standard curve and PCR no-template
negative control (NTC). Column 3 was used to test cDNA NTC. The
next 9 columns (4-12) were designated for the RTqPCR experiment and
testing each sample in triplicate. The well plate was color-coded with
warm being orange, cold being green, frozen being purple, and thawed
being blue. Experimental primer (in this case ACADV) was normalized
to a housekeeper gene (Dc LS-14), which was used to account for errors
in pipetting.

Results
RTqPCR testing for NDUF7 showed down-regulation in cold (C), frozen (F), and thawed
(T) conditions with respect to a warm control. ΔΔCT data show that relative abundance
for cold, frozen and thawed was 0.17, 0.23, and 0.15 when compared to warm and
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normalized using a housekeeper (HK) gene. Log(fold ∆) was -5.82, -4.40, and -6.54
respectively. R2 values were 0.931 and 0.910 for NDUF7 and Dc LS-14, indicating that
the reaction efficiency fell within the target range (Figure 3). The down-regulation of
NDUF7 correlates with preliminary transcriptome data.
RTqPCR results for ACADV show that this transcript was down-regulated in all
experimental conditions compared to a warm control, which contradicts preliminary
transcriptome data. ΔΔCT shows the relative abundance for C is 0.27, F is 0.33, and T is
0.27. Log(fold ∆) was -3.74, -3.06, and -3.68 for cold, frozen, and thawed conditions. R2
values were 0.816 and 0.999 for ACADV and Dc LS-14 respectively (Figure 4).
RTqPCR values for BFAR indicates that this transcript was down-regulated in
cold, frozen, and thawed conditions, which contradicts with preliminary transcriptome
data. ΔΔCT shows the relative abundance for C is 0.88, F is 0.88, and T is 0.56. The
log(fold ∆) was -1.14, -1.13, and -1.78 for respective conditions (Figure 5).

This

transcript was down-regulated only slightly compared to other RTqPCR results. R2
values were 0.958 and 0.975 for BFAR and HK genes. Summaries of the results are
found below in Table 3.

Table 3: RTqPCR Results
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Figure 3: Relative abundance of NDUF7 in comparison to the warm condition.
NDUF7 is down-regulated in all experimental conditions when compared to warm
control.

Figure 4: Relative abundance of ACADV in comparison to the warm condition.
ACADV is down-regulated in all experimental conditions compared to the warm
control.
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Figure 5: Relative abundance of BFAR in comparison to the warm condition.
BFAR is down-regulated slightly in all experimental conditions compared to the warm
control, but it is expressed more highly than the other experimentally tested genes..

Discussion
All genes tested were down-regulated, indicating that are metabolically costly during the
freezing process and cannot be maintained at the same relative abundance present in the
warm sample. This contradicts the transcriptome prediction for both BFAR and
ACADV, but corresponds to the prediction for NDUF7. This may be attributed to the
fact that the RNAseq data was compiled piece-wise by comparing sequences of known
genes, detecting assumed overlap between the mRNA fragments, building up the
transcripts, and then averaging the abundance between fragments. In reality, there is no
guarantee that the presence of certain fragments or segments of genes indicates that those
genes were actually expressed wholly at the same level.
Additionally, every gene can express various mRNA transcripts that vary only
slightly in sequence. These are known as isoforms (Nanney, 1958). While one isoform
for a gene may be upregulated in various biological conditions, another isoform may be
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down-regulated. Primers simply anneal to the sequences to which they are designed to
anneal, and may be indiscriminate towards different isoforms. Furthermore, it is possible
that in the freezing condition, the isoform changes enough that the primer may not anneal
to it, resulting in what appears to be lower relative abundance.
It is notable that BFAR, though down-regulated, was only suppressed by 12% in
the cold and frozen conditions from the warm control. This indicates that, while it may
be metabolically costly to maintain at the same relative abundance as in warm, it was
important enough to the survivability of the hepatocytes that it was transcribed at a higher
level than NDUF7 (down-regulated 83% and 77% in C and F conditions) and ACADV
(down-regulated 73% and 67% in C and F conditions).
Down-regulation of all genes indicates that control may be occurring at a more
global scale than originally anticipated. Rather than being gene-specific (local), mRNA
transcription may be widely depressed in order to conserve energy during the hypometabolic period associated with freeze-survival. It is likely that very few genes are upregulated during freezing due to the amount of energy it would take to both
transcribe/translate them, and then ensure their three-dimensional integrity during the
stresses associated with freezing.
While it is important to understand what genes are down-regulated during the
freezing process, further testing is needed to identify genes that may ultimately play a
vital role during freezing and will be up-regulated despite metabolic deficits.

Acknowledgements
I would like to thank Dr. Carissa Krane for her mentorship, guidance, and patience during
this process. Barbara Barr and Dr. Clara do Amaral, Loren Geiss, Dante Pezutti, Maria

P a g e | 30

LaBello, and Dr. David Goldstein provided technical support and advice at various
points. This research was funded by the University of Dayton University Honor’s
Program, College of Arts and Sciences Dean’s Summer Fellowship, and the Biological
Sciences Scheullein Chair awarded to Dr. Carissa Krane.

P a g e | 31

Literature Cited
do Amaral, M. C. F., Frisbie, J., Goldstein, D. L., & Krane, C. M. (2018). The
cryoprotectant system of Cope’s gray treefrog, Dryophytes chrysoscelis: responses
to cold acclimation, freezing, and thawing. Journal of Comparative Physiology B,
188(4), 611–621. https://doi.org/10.1007/s00360-018-1153-6
do Amaral, M. C. F., Frisbie, J., Crum, R., Goldstein, D. L., & Krane, C. M.Hepatic
transcriptome of the freeze-tolerant Cope's gray treefrog, Dryophytes chrysoscelis:
responses to cold-acclimation and freezing. (In preparation)
Ehrlich, M., & Lacey, M. (2013). DNA methylation and differentiation: silencing,
upregulation and modulation of gene expression. Epigenomics, 5(5), 553–568.
https://doi.org/10.2217/epi.13.43
Nanney, D. L. (1958). Epigenetic control systems. National Academy of Sciences of the
United States of America, 44(7), 712–717. Retrieved from
https://www.pnas.org/content/pnas/44/7/712.full.pdf
Storey, K. B., & Storey, J. M. (2017). Molecular physiology of freeze tolerance in
vertebrates. Physiological Reviews, 97(2), 623–665.
https://doi.org/10.1152/physrev.00016.2016
User Guide: High Capacity cDNA Reverse Transcription Kit. (n.d.). Retrieved May 3,
2019, from https://www.thermofisher.com/document-connect/documentconnect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFSAssets%2FLSG%2Fmanuals%2FMAN0017977_highcap_cDNA_RT_UG.pdf&title
=VXNlciBHdWlkZTogSGlnaCBDYXBhY2l0eSBjRE5BIFJldmVyc2UgVHJhbnNj
cmlwdGlvbiBLaX

P a g e | 32

Chapter III: Future Directions and Broader
Impacts
Future Directions
Transcriptome data recently collected in the Krane lab indicates that there are many
mRNA transcripts that vary in abundance during different biological conditions in Cope’s
Gray Treefrog, D. chrysoscelis (do Amaral et al., unpublished). We had hoped to run
RTqPCR analysis on many of the primers that were designed, but were unable to
complete this feat as much time went into the selection, design, and efficiency testing of
the primers. Though we were unable, the primers are ordered and stored, and the
sequences are determined. One convenient continuation of this experiment would be to
run RTqPCR analysis on the primers that are already designed and compare those with
the RNAseq data. This would add on to the existing bank of data that has been collected.
Another possible way to add onto this research would be to go back to the sorted
transcriptome data and select other identified transcripts that might be relevant to the
freeze process. The liver is the main metabolic organ, so analyzing more transcripts for
enzymes that are metabolically significant might be a potential avenue. Stress genes
important for survivability of the frogs could also be analyzed. There are many genes
that have not yet been considered that are available to look at.
An additional interesting extension of this project might be to look at the same
transcripts analyzed in this round of experiments and compare levels to other organ
systems (such as skeletal muscle, or heart). Genes that might not be produced in the liver
may be important for other organ systems to survive the freezing process. Likewise,
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genes important in liver might need to be turned off in different organ systems.
Understanding the relative abundance of various transcripts, not only in regards to
biological condition, but also in respect to organ system, will broaden the understanding
of freeze tolerance on an organ specific basis.
To add depth to this experiment, creating specific primary antibodies and looking
at protein localization inside the cell could reveal more practical applications of this
research. While many of these transcripts have one ultimate purpose in the cell, some are
translated into proteins that have functions dependent on their localization. One example
of this is GRP78, which is a member of the Hsp 70 family (Wang, Wey, Zhang, Ye, &
Lee, 2009). I would suggest a prospective student should look at this gene at any level
of expression, whether it be mRNA or protein. If a student looks at protein expression,
localization of GRP78 is important for determining function. If it is localized in the ER,
then it serves the purpose of a chaperone. However, if localized in the membrane, it can
serve two purposes. It can either contribute to cell signaling during stress (Li & Lee,
2006), or it can act as a pore that allows toxins to exit the cell (do Amaral et al.,
unpublished). This technique would rely on antibody design based on structures of
GRP78, and would likely require extensive optimization to identify an antibody with
appropriate specificity. Immunocytochemistry testing can be used to detect localization
within the cell.
Western Blotting for any peptides can be used to determine relative abundance
within the cell in various conditions. Studying peptides themselves would pose unique
challenges associated with designing antibodies unique to those peptides. However, this
is the is a practical continuation of the research because, while mRNA transcripts should
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reflect protein abundance in theory, there are many ways that gene expression is silenced
at this level. Focusing on the level of peptides reveals the ultimate outcome of gene
expression, so it may reveal more relevant information that can be applied to human
medicine.

Broader Impacts
Tissue Banking and Cryopreservation
Currently, human tissue banking is limited to bone marrow, dura mater, skin, heart
valves, individual cells, and different components of blood. Larger organs can’t be
banked because the process of freezing causes irreparable damage both to intra and
extracellular spaces due to uncontrollable ice nucleation (Narayan, 2012). August Krogh,
a Danish professor in zoophysiology, stated that “For many problems there is an animal
on which it can be most conveniently studied,” (Krogh, 1929). For this reason, humans
could benefit from the study of an animal that is able to freeze and then recover.
Dryophytes chrysoscelis, a freeze-tolerant anuran, is one of these species. All of the
genes studied during the course of this thesis are orthologous to genes found in humans.
This means that, not only do we have genes that are similar enough to share the same
name, but they also have similar function. Understanding these genes and how they are
expressed in these frogs may provide valuable insights into their possible application for
expanding human tissue banking and possible cryopreservation.

Importance of NDUF7 for Transcription Regulation
and Neuromuscular Disease
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NDUF7 is a protein methyltransferase. These function by adding methyl (–CH3) groups
onto guanidine nitrogen residues on arginine of a target protein. Their targets are
typically histones, transcription factors, or different types of methyltransferases, and
protein arginine methyltransferases tend to be located in the nucleus of cells (Stouth,
VanLieshout, Shen, & Ljubicic, 2017). They may also play roles in DNA
maintenance/repair, protein mobilization, and signal transduction (Bedford & Clarke,
2009). High levels of protein methyltransferases have been associated with various
forms of atrophic neuromuscular disorders, such as Duchenne neuromuscular dystrophy,
spinal muscular atrophy, and amyotrophic lateral sclerosis (Lou Gehrig’s Disease)
(Stouth et al., 2017). Understanding the role of NDUF7 in D. chrysoscelis may not only
add to the existing bank of knowledge for cryopreservation, but may aid in deeper
understanding of various neuromuscular disorders.

ACADV and Oxidation Disorders
ACADV is a metabolic enzyme that has been linked with different fatty acid oxidation
disorders (FAODs). In mammals, FAODs and periods of long fasting (such as those
endured by D. chryososcelis during freezing) can result in liver failure, heart disease,
rhabdomyolysis, hypoglycemia, or even sudden death, depending on the severity of the
mutation causing the FAOD. Understanding the role of ACADV and how long periods
of metabolic fasting are survivable for D. chrysoscelis may deepen understanding of
different human FAODs, which can be fatal. It is also a factor that must be considered
given the possibility of cryopreservation and tissue banking. Patients or donors with
mutations to ACADV may have organs that are more prone to degradation under
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metabolic stress and thus may be poor applicants for cryopreservation or poor donors for
tissue banking (Yamada & Taketani, 2019).

Role of BFAR in Unfolded Protein Response and
Cardiac Injury
Bifunctional apoptosis regulator, referred to as both BFAR and BAR, prevents apoptosis
during stress. It is of particular importance during the unfolded protein response (UTR)
in the ER. The unfolded protein response is activated in times of stress when protein
unfolding is more likely to occur (Rong et al., 2011). BAR is also known to prevent
apoptosis in times of stress caused by reperfusion injury or ischemia. Though it was
downregulated in liver, it has been proven to help in preventing cardiac injury, and might
be useful during the post-freeze thawing event, when blood begins flowing again (Chua
et al., 2009).
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